ABSTRACT Lactose permease is an integral membrane protein that uses the cell membrane's proton gradient for import of lactose. Based on extensive biochemical data and a substrate-bound crystal structure, intermediates involved in lactose/H 1 cotransport have been suggested. Yet, the transport mechanism, especially the coupling of protonation states of essential residues and protein conformational changes involved in the transport, is not understood. Here we report molecular-dynamics simulations of membrane-embedded lactose permease in different protonation states, both in the presence and in the absence of lactose. The results analyzed in terms of pore diameter, salt-bridge formation, and substrate motion, strongly implicate Glu 269 as one of the main proton translocation sites, whose protonation state controls several key steps of the transport process. A critical ion pair (Glu 269 and Arg 144 ) was found to keep the cytoplasmic entrance open, but via a different mechanism than the currently accepted model. After protonation of Glu 269
INTRODUCTION
Membrane transport proteins facilitate the passage of specific molecules across the otherwise impermeable phospholipid bilayers that surround all cells and organelles. One large group of membrane transport proteins, the major facilitator superfamily, can be found in membranes from all life forms (1) including bacteria (2, 3) , fungi (4, 5) , plants (6, 7) , and animals (8, 9) . As a prime member of the major facilitator superfamily (10) , lactose permease (LacY) of Escherichia coli is encoded by the lacY gene (11) , the second structural gene of the lac operon. LacY utilizes the free energy stored in the transmembrane electrochemical proton gradient (Dm H1 ) to drive the accumulation of lactose and other galactosides against their concentration gradient (12) (13) (14) (15) (16) (17) . The stoichiometry between lactose and H 1 translocation is 1/1 (lactose/H 1 symport). In the absence of Dm H1 , lactose permease catalyzes the reverse reaction, using free energy released from downhill translocation of galactosides to drive translocation of H 1 with generation of Dm H1 , the polarity of which depends on the direction of the substrate concentration gradient. Lactose permease does not translocate H 1 in the absence of substrate. However, a substrate concentration gradient can generate Dm H1 . Therefore, the most likely trigger for turnover is binding and release of the sugar on either side of the membrane (18) .
Since the first report of LacY in 1956 (19) , a large number of biochemical, biophysical, and structural studies (18, 20, 21) have been conducted to elucidate the molecular basis of the transport process. These studies have resulted in a significant amount of information regarding the role of individual residues in the transport mechanism and suggest that only six side chains are irreplaceable for active transport: Glu 126 ; Arg 144 ; Glu 269 ; Arg 302 ; His 322 ; and Glu 325 (22) . The residues are important for ligand binding, proton translocation, and coupling of these two processes (21) . Mutation of Glu 325 to a neutral residue blocks the lactose/proton symport; active transport and proton translocation are blocked, but exchange, counterflow, and binding of sugar still occur (23) . Furthermore, substrate-induced changes in the side-chain reactivity probed through various chemical modification reagents, site-directed fluorescence, and spin-labeling suggest that significant protein conformational changes take place during the transport process (21) .
Structurally, LacY is composed of 12 transmembrane helices and the intervening loops. The two halves of the protein, known respectively as the N-domain and the C-domain, are each composed of six helices. These two domains together form a hydrophilic cavity in the middle, where substrate binding and translocation are believed to take place. One of the main binding sites of the substrate along its permeation path, which is captured by the crystal structure (22) , is right in the middle of the transmembrane region of the protein at the interdomain space. The access of the binding pocket to the two sides of the membrane appears to be controlled by protein conformational changes that open and close cytoplasmic and periplasmic vestibules of the protein in a coordinated manner.
The currently proposed model for transport of lactose in LacY is based on sugar binding and dissociating coupled to a sequence of proton transfer events, and accompanying protein conformational changes. It is suggested that large interdomain protein conformational changes induced by binding, translocation, and dissociation of substrate and H 1 result in a transition between the so-called outward-open and inward-open conformations, allowing the sugar to enter the internal cavity from the periplasm, and to be released into the cytoplasmic space, or vice versa. The crystal structure (22) of LacY represents the inward-open state of the transporter, in which the substrate is accessible only from the cytoplasmic cavity; the periplasmic half is closed and the substrate is ready to diffuse into the cell through the cytoplasmic cavity. Among the most important unknowns in the mechanism of sugar transport in LacY are the sequence of translocation and conformational events and the nature of protein conformational changes that switch substrate accessibility from the cytoplasmic half-channel to the periplasmic one.
The large body of experimental data, for example in Kaback et al. (18) and Kaback (1) , and the crystal structure (22) , have set the stage for identifying the lactose/proton cotransport mechanism with computational methods. For this purpose, one starts tests with a consistent set of hypotheses that establish an entire transport cycle, inspecting them computationally. Fig. 1 provides a schematic representation of a possible lactose/proton co-transport mechanism based on an earlier suggestion (18, 22) . Intermediates e and f correspond to the inward-open conformations of ligand-bound and Apo forms of LacY, respectively, as seen in the published crystal structures (22, 24) (21), but are not included in the scheme, since their roles were not studied here. An unidentified group X in the periplasmic half of the lumen, representing a protein side chain or a water molecule, is proposed to relay the proton from the periplasmic region to Glu 269 . The putative transport process shown in Fig. 1 (E 2 ) , and the cytoplasmic-half channel closes.
The mechanism in Fig. 1 provides only a rough sketch for transitions involved in sugar/H 1 co-transport, and is far from complete. Primarily, it lacks the details of the structural responses of the protein to specific events (e.g., ligand binding/ release, proton transfer steps, salt-bridge formation, etc.). Ideally, the mechanism would be tested by further structural data verifying the involvement of the proposed steps. However, determination of structures of membrane proteins is notoriously difficult because of their hydrophobicity and unstable nature. In this article, we have taken advantage of molecular dynamics (MD) simulation as a method for identifying further intermediate structures, and to explore the steps in the suggested transport scheme. We would like to identify, in particular, conformational changes that are induced by changes of protonation states of certain residues and by binding and unbinding of the substrate.
METHODS

System preparation
To investigate lactose/proton co-transport, we simulated three model systems, all with the protein embedded in a fully hydrated POPE lipid FIGURE 1 Putative lactose/proton co-transport mechanism of LacY. Six intermediates (a-f ) are included. Sugar is denoted by a circled S. The coordinates of E. coli lactose permease were obtained from the Protein Data Bank (PDB code 1PV7, which is the only available crystal structure of LacY with a substrate bound) (22) . Gly 154 was back-mutated to cysteine. The structure of lactose was adopted from a lactose-liganded protein congerin I (PDB 1C1L) (25) . The topology file for lactose was generated by modifying the available CHARMM27 carbohydrate topology for pyranose (26) . Missing hydrogen atoms were added by the psfgen program in VMD (27) .
In LacY(269 (22) . Subsequently, TDG was replaced by the lactose molecule. ApoLacY was constructed by removing TDG from the 1PV7 structure.
All histidine residues were modeled in their neutral form. Their respective tautomeric states were assigned based on the interactions of the imidazole ring with their nearby residues. The tautomeric state of His 322 in the binding pocket was determined by the protonation state of Glu
269
, which forms a hydrogen bond to this histidine (22) .
We embedded the protein in a POPE bilayer by aligning hydrophilic residues with the lipid headgroups, and the hydrophobic surface of the protein with the acyl chains of the lipid bilayer. Although an approximate model, POPE is a reasonable choice of a pure lipid bilayer for simulation studies of the inner membrane of E. coli, which is mostly composed of PE. POPE has been previously used in simulation studies involving E. coli membrane proteins (28) (29) (30) . Lipid molecules overlapping the protein were removed resulting in 348 POPE molecules included overall. The lipidprotein complex was then hydrated with 28,052 water molecules. Water molecules inside the inward facing cavity were removed. To neutralize the systems overall, eight and seven chloride ions were added to liganded and to the Apo systems, respectively. The total system sizes were ;135,000 atoms, with the dimensions of 120 Å by 120 Å by 90 Å . A side view of one of the simulated systems is shown in Fig. 2 a.
Simulation and analysis
MD simulations were performed with NAMD (31) using the CHARMM27 parameter set (32, 33) for protein, lipid, water, and ions along with the carbohydrate force field for lactose (26) . Periodic boundary conditions were imposed. After inserting the protein into the lipid bilayer and adding water, all systems were initially energy-minimized and simulated with the protein (and sugar) constrained at constant temperature (T ¼ 310 K) and pressure (P ¼ 1 atm) until both the total volume and the total area of the system stabilized (this was achieved in ;300-400 ps). In this phase we allow water and lipid molecules to pack close to the protein and fill the crevices on the surface of the protein, without perturbing the original structure of the protein.
The crystal structure of LacY (1PV7) is devoid of water. We opted to remove water molecules initially added to the lumen by our approximate solvation method (superimposing a water box onto the system and removing overlapping water molecules), to avoid addition of any artificial water molecules at sensitive locations in the lumen. This resulted in a completely dry lumen at the beginning of the simulations. However, water molecules quickly penetrated the cytoplasmic opening of the protein, and a satisfactory level of hydration of the lumen was achieved during the protein-fixed phase of the simulations.
After releasing the constraints on the protein, another energy minimization was performed and NPT (T ¼ 310 K, P ¼ 1 atm) ensemble simulations were subsequently conducted for 10 ns. The particle-mesh Ewald method (34) was used for computation of electrostatic forces.
Trajectories were analyzed using VMD (27) , and the program HOLE was used to calculate channel radii (35) . All molecular images were prepared with VMD (27) . The three systems correspond to intermediates e, d, and f in Fig. 1 , respectively. 
RESULTS AND DISCUSSION
It is known that large protein conformational changes are involved in the process of sugar transport in LacY (21) . In this section, we first examine the flexibility of the protein in different simulations, and compare the dynamics of different regions. We will particularly analyze the fluctuations of the N-and C-domains, and their relative movement, which is an important dynamical property controlling stepwise access of substrate and proton to extracellular and cytoplasmic regions. We will then describe the results of simulations in which transitions from the crystal structure (intermediate e in Fig. 1 ) to a number of other intermediates in the outlined mechanism of sugar transport (see Fig. 1 ) are investigated.
Protein flexibility
LacY contains many proline and glycine residues in its transmembrane helices, which are expected to introduce a high degree of internal mobility to the protein (20, 36) . This aspect of protein dynamics can be readily calculated from MD simulations. Fig. 2 b shows the root mean-square deviation (RMSD) of individual residues in LacY for the three simulated systems (see Table 1 ), as well as for the crystal structure. The data for the simulations are timeaveraged values calculated over the last 8 ns of each trajectory simulation, relative to the crystal structure: RMSD ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi
, where r 0 and r i , are the initial (crystal structure) and actual positions of the C a atom of the residue (C a atoms of the whole LacY were used for the superposition of the simulated protein on the crystal structure). The values for the crystal structure were calculated from their Debye-Waller factor (b) by the relation RMSD ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffi b=8p 2 p and scaled by a factor of 10 for better visualization in Fig. 2 b. The RMSD values for the simulations are higher than those for the crystal structure since the b-values for the crystal were measured at a lower temperature (100 K).
Both the calculated RMSD values from the simulations and the corresponding values from the crystal structure consistently show that the N-domain helices have a higher mobility than the C-domain ones. Furthermore, the cytoplasmic half of LacY generally exhibits a higher fluctuation than the periplasmic half.
In the N-domain, the cytoplasmic half of helix IV (in which Glu 126 is located), helix V (in which Arg 144 is located), and the short loop connecting them exhibit high RMSD values ( Fig. 2 b) , indicating a highly mobile region. The kink at Pro 123 in helix IV and several glycine residues (e.g., Gly 121 , Gly 141 , and Gly 147 ) in this region might account for the observed flexibility (37) . As will be discussed in detail later, after protonation of Glu 269 , this region underwent the largest displacement among all the helices involved in the closing of the cytoplasmic cavity. This is in line with the results of a site-directed sulfhydryl labeling study suggesting large ligand-induced conformational change in this region (21, 38, 39) . The cytoplasmic halves of the N-domain helices I, II, III, and the loop II/III are also quite flexible and moved in our simulation toward the C-domain upon protonation of Glu 269 . The loop II/III is conserved among a large group of membrane transport proteins that are evolutionarily related (40, 41) and has been suggested to facilitate the conformational changes essential to the function of LacY (42) .
The C-domain helices are generally less flexible. Nevertheless, helix VIII in which Glu 269 is located and the conserved loop VIII/IX (40-42) exhibit relatively large RMSD values (Fig. 2 b) . The hydrophobic face of the cytoplasmic half of helix VIII was observed to turn toward helix V in the N-domain after protonation of Glu 269 . A ligand-induced conformational change of the face of helix VIII has been reported earlier (39) . The flexibility of loop VIII/IX might facilitate the conformational changes in LacY as also implied by mutagenesis studies (43) .
The long loop VI/VII connecting the N-and C-domains exhibits the highest RMSD ( Fig. 2 b) in all three simulated systems. In LacY(269 H /325 ÿ ) this loop moved closer to the cytoplasmic entrance (see Fig. 4 b), an event that was not observed in the other two simulated systems.
The periplasmic halves of all helices are more stable than their respective cytoplasmic halves. However, the helices in the periplasmic half were observed to be less tightly packed in LacY(269 H /325 ÿ ) than in the x-ray structure and in the other two systems.
Simulating transitions between intermediates
We report the results of three simulations in this article, as summarized in Table 1 , and the substrate is present in the binding site. To model other intermediates in the cycle ( Fig. 1) , starting from intermediate e, we have changed the protonation states of certain residues in a second simulation, and removed the sugar from the binding pocket in a third one. These two simulations will investigate step 4 in Fig. 1 (Fig. 3 b) . This in turn released the long side chain of Arg 144 , allowing it to move away from the binding pocket toward the cytoplasmic surface of the protein.
Removing the two charges (departure of Arg 144 and neutralization of Glu 269 ) from the interdomain cleft was accompanied by water molecules spontaneously vacating the region. LacY underwent significant conformational changes, resulting in partial closure of its cytoplasmic entrance, and the substrate exhibited a 4 Å shift toward the periplasm.
ApoLacY
In this system, neither Glu 269 nor Glu 325 was protonated, and lactose was removed from the binding cavity. With regard to the overall structure of the protein, the simulated ApoLacY behaved very similar to LacY(269 ÿ /325 H ) i.e., no large protein conformational changes were observed and protein retained its inward open conformation during the simulation. However, the residues forming the binding pocket underwent major side-chain conformational changes after removing the substrate. Specifically, Arg 144 moved very close to Glu 126 and formed a stronger salt bridge with it at the cost of losing its salt bridge with Glu 269 (see Fig. S1 in Supplementary Material). A very similar rearrangement of these amino acids has been reported in recently solved crystal structures of ApoLacY (24) .
Protonation-induced closure of the cytoplasmic vestibule
As described in the previous section, in all simulated systems, the N-domain (helices I-VI) exhibits a higher internal mobility than the C-domain (helices VII-XII). The RMSD for C a atoms of the N-domain helices (calculated from the last nanosecond of the simulation using only the N-domain C a atoms for fitting) exceeds 2.0 Å , whereas the corresponding value for the C-domain helices (using only the C-domain C a atoms for fitting) is ,1.3 Å (see Fig. S2 in Supplementary Material). Therefore, we opted for using the less fluctuating C-domain as a reference to superimpose the resulting structures of the simulations on the crystal structure, which allows us to readily capture even small conformational changes between the two domains of LacY. Such overlays of the final (t ¼ 10 ns) structures of the simulations onto the x-ray structure for LacY(269 H ) from the crystal structure, which can be attributed to the natural flexibility of the protein at the simulated temperature, is discernible.
A shift in the protonation states of Glu 269 and Glu 325 is suggested to be one of the key steps in the transport mechanism (22) . As these residues are too far apart for a direct proton transfer, such a shift is most likely mediated by the side chain of His 322 , an irreplaceable residue in LacY function, which is positioned between the two glutamate side chains. Simulation of the actual proton transfer event through His 322 is beyond the scope of this study, and we have only investigated the two states resulting from such proton transfer, i.e., LacY ÿ )), resulted in a large interdomain conformational change in the cytoplasmic half of the protein was observed over 10 ns. As shown in Fig. 4 b, in the final structure of this simulation the cytoplasmic half of the N-domain underwent a significant motion toward the C-domain, thus resulting in a partial closure of the cytoplasmic vestibule. Principal component analysis of the trajectory (results not shown) confirmed that the closure of the cytoplasmic half is the most dominant conformational change of the protein in LacY(269 H /325 ÿ ). Although a complete closure of the cytoplasmic entrance was not achieved in our simulations due to the limited timescale, the extent of the induced conformational change is particularly large for helices IV and V and the intervening short loop (loop IV/V) connecting them (residues 136-139). This loop is only comprised of four residues, which is unusually short for intervening loops in helical membrane proteins. The short length of this loop ensures close conformational coupling between helices IV and V, and facilitates their concerted inward and outward motions during the transport cycle. Evidently, the simulated proton transfer from Glu 325 to Glu 269 has triggered closure of the cytoplasmic vestibule of LacY.
A very similar behavior to LacY(269 ÿ /325 H ) was also observed for ApoLacY, i.e., no major conformational changes in the overall structure of the protein were observed, and the inward-open conformation was found to be stable during the timescale of the simulation. However, removal of the substrate from the binding pocket resulted in a marked rearrangement of side chains in this region. The side chain of Arg 144 moves away from Glu 269 and forms a closer, and likely stronger, salt bridge with Glu 126 (see Fig. S1 in Supplementary Material). The observed rearrangement is in close agreement with the recently solved crystal structure of ApoLacY (24) 269 and the observed large protein conformational change is of great importance in the transport cycle and we will provide a more detailed mechanism for it below.
In Fig. 4 , c-f, closer views of the interdomain region, specifically of helices V (in the N-domain) and VIII (in the C-domain), which form a major part of this region, are shown. ) were also monitored during the 10-ns duration of the two simulations in terms of interaction energies (Fig. 4 g ) and distances between these residues (Fig. 4 h ). As will be described later, these salt bridges were found to be very important in controlling the protein conformational changes and substrate binding.
The (Fig. 4 h) is consistently ,5 Å , and the electrostatic interaction energy between the two residues is ;ÿ70 kcal/mol (Fig. 4 g) (Fig. 4 h) increases during the simulation to .10 Å , and the electrostatic interaction energy between these residues drops significantly (Fig. 4 g) H ) the two helices still are in the V-like conformation seen in the x-ray structure. As depicted in Fig. 4 , after protonation of the latter, frees the long side chain of the arginine, allowing it to undergo a large displacement and establish a stronger connection to Glu 126 , which is positioned closer to the cytoplasmic entrance. Translocation of Arg 144 to a location closer to the surface not only results in a vacant space in the middle of the protein, it also removes a charge from a relatively hydrophobic region. Together with neutralization of Glu 269 this results in a significant increase of hydrophobicity and a simultaneous drop of water occupancy of the interdomain interface, which in turn facilitates the movement of helices V and VIII toward each other, thus closing the cytoplasmic vestibule.
It is important to note that Arg 144 and Glu 269 are located in the N-domain and the C-domain of the protein, respectively. Glu 269 is approximately in the middle of the transmembrane region of the protein, while Arg 144 occupies a position in the cytoplasmic half. One would expect that formation of a salt bridge between these residues would bring the two domains together in the cytoplasmic half, i.e., favors an inward-closed conformation. This is in sharp contrast with the mechanism discovered by our simulations indicating that the breaking of this salt bridge is in fact a prerequisite for closing of the cytoplasmic half. We note that the results of our simulations are in close agreement with experimental data, which could not be satisfactorily explained even after solving the protein's structure. The concurrent disruption of this salt bridge and closing of the cytoplasmic entrance have been presented as one of the key steps in a previously proposed transport cycle (22) . The proposed scheme is somewhat misleading in regard to the location of the involved amino acids, in that both residues are drawn schematically in the periplasmic half of the protein, which is clearly not in line with their location in the crystal structure (22 (Fig. 4, g and h) (Fig. 4, g and h) . ÿ ), will result in a shift in the balance of the two salt bridges making one stronger at the expense of weakening or disrupting the other. The supporting role of the two salt bridges for lactose binding and recognition is consistent with the results of previous biochemical studies (21, 24, 44) .
As described earlier, vacation of the interdomain region by Arg 144 and water molecules, which is induced by the protonation of Glu 269 in LacY(269 H /325 ÿ ), results in inward motions of helices V and VIII toward each other. This motion is then propagated to the entire N-and C-domains (Fig.  4 b) , through vast interhelical contacts between the helices in each domain that keep the helices together. In the N-domain, the conformational coupling of helices V and IV (where Glu 126 is located) is probably the strongest, as in addition to their proximal positions, these two helices are interconnected by a very short loop. Furthermore, Pro 123 and Gly 111 , respectively located in the cytoplasmic and periplasmic halves of helix IV, render the helix highly flexible, allowing it to closely follow helix V. In the C-domain, helix VIII (where Glu 269 is located) is more flexible than the others, as indicated by their RMSD values (Fig. 2 b) . The overall flexibilities of these helices are prerequisites for the large conformational changes that control cytoplasmic and periplasmic access in LacY, e.g., as induced by the proton transfer in LacY(269 H /325 ÿ ). Similar salt-bridge mediated large-scale domain motions have been reported for other systems, e.g., for the maltosebinding protein (45) .
In none of our simulations did a noticeable opening of the periplasmic half-channel of LacY occur. Apparently, the inward-open state of the crystal structure that was used as a starting point in our simulations is more prone to conformational changes in the cytoplasmic half. This is consistent with the overall higher structural flexibility of the cytoplasmic half of the protein as reported in the previous section (Fig. 2  b) . A model for the outward-open conformation might be derived from the extensive thiol cross-linking studies (46) . However, these experiments usually tend to underestimate distances between the linked residues. Furthermore, technical difficulties in arresting the protein in a single state during such experiments makes it hard to use the data directly in a model. Much longer simulations, in which sugar translocation and proton transfer steps are modeled, would be required to address whether an outward-open intermediate is part of the transport cycle.
Structure, dynamics, and hydration of the lumen
Here we describe the structure and dynamics, and the pattern of hydration of LacY's lumen formed at the interface between the N-and C-domains. The lumen can be divided into the periplasmic and cytoplasmic half channels, with the sugar binding pocket almost in the middle of the transmembrane segment of the protein. Half-channels are connected to the two sides of the membrane through the periplasmic and cytoplasmic entrances, respectively. In the crystal structure the lumen of the protein is wide open to the cytoplasm but, effectively closed to the periplasm. Monitoring variations in the pore size in LacY during the simulations is an effective means of identifying partial closure or opening of the two half-channels. We will also analyze the hydration of the lumen and present how it varies along the channel axis. The hydration of the lumen is an important aspect in regard to proton transfer events during the transport cycle, and has to be closely controlled by the protein to prevent undesired proton leaks.
Pore diameter
In Fig. 5 a we present a snapshot (t ¼ 10 ns) of water molecules within the lumen of LacY(269 H /325 ÿ ). The protein is drawn to scale with the pore diameter and water occupancy profiles in Fig. 5 . An effective pore diameter d of the lumen was computed for the x-ray structure and for the three simulated systems (calculated from the last nanosecond of the simulations) using the program HOLE (35) . The diameter profiles indicate that the lumen of LacY has two narrow constriction regions: one above (cytoplasmic constriction region) and one below (periplasmic constriction region) the binding pocket centered at ;z ¼ 0. The cytoplasmic constriction region is the wider of the two, and the pore is widest around the central binding cavity.
Relaxation of the side chains from their starting configuration in the crystal structure resulted in an overall change of the diameter profile in all simulations. In the periplasmic half-channel, the diameter profile shows slight deviations from the crystal structure, but in general the periplasmic halfchannel remains essentially closed in all simulated systems. In the cytoplasmic half-channel, on the other hand, all the simulated systems exhibit a tendency to narrow. However, the effect is much more pronounced in LacY(269 H /325 ÿ ) and extends all the way toward the cytoplasmic entrance of the lumen. The significant decrease of the cytoplasmic pore diameter in LacY(269 H /325 ÿ ), 2.6-4.0 Å in the cytoplasmic constriction region (ÿ13 Å , z , ÿ5 Å , see Fig. 5 ), is a result of the partial closure of the cytoplasmic half channel in response to the simulated proton transfer from Glu 325 to Glu 269 . The conformational changes localized around the binding pocket are probably due to the relaxation of the binding pocket and penetration of water molecules during the simulations, and not directly due to the presence of lactose, as ApoLacY also exhibits very similar behaviors in this region. Although removal of the substrate from the binding pocket does not significantly alter the maximal diameter and its position along the pore axis, the unbinding event is accompanied by a significant conformational shift of Arg 144 toward Glu 126 , in close agreement with the crystal structure of ApoLacY (24) .
Pore hydration
The hydration of LacY's lumen was quantified by calculating the average number of water molecules per 1 Å slabs of the lumen during the simulations. ÿ ), the cytoplasmic half-channel becomes easily and quickly hydrated during the first nanosecond of the simulations. The periplasmic half-channel, on the other hand, is a narrower region, and is found to be less accessible to water in all simulated systems.
At the end of the simulations (t ¼ 10 ns), the highest water occupancy (5-6 H 2 O/Å ) is observed around the central binding cavity (z ffi 0) in both systems. The locations of the hydration peaks in the two simulations, however, are different; in LacY(269 ÿ /325 H ) hydration is maximal at z ffi ÿ2 Å , while in LacY(269 H /325 ÿ ) the maximum is found at z ffi 2 Å . Since the pore diameters of the two systems are identical at this position (d ffi 9 Å , Fig. 5 b) , the observed differences are most likely due to variations in the substrate's position and its orientation within the binding cavity. As will be discussed in detail in the next section, the final position of lactose in LacY(269 H /325 ÿ ) is ;4 Å closer to the cytoplasm than in LacY(269 ÿ /325 H ), a displacement that closely corresponds to and accounts for the shift of the hydration peak toward the periplasmic half-channel in LacY(269 H /325 ÿ ). According to the hydration patterns, the least hydrated region of LacY in all simulated systems is found to be the periplasmic constriction region, which is lined by side chains of Ile 40 and Asn 245 . The narrow size of the pore in this region together with a relatively low polarity of the lining residues effectively act as a hydrophobic gate resulting in very little or no hydration in this region. A similar gating region might form at the cytoplasmic constriction region by side chains of Phe 334 and Tyr 350 during the closure of the cytoplasmic halfchannel. As proposed in the previous section, the charged side chain of Arg 144 and its salt bridge(s) with two glutamates seem to be one of the factors that controls the opening of the cytoplasmic half-channel through hydration modulation of this region. The two hydrophobic gating regions play an important role in coordinating proton transfer events, and in preventing undesired proton flow across the LacY lumen. These gates coordinate the opening and closure of the two half-channels, and thus ensure that no free pathway for uncontrolled proton transfer is formed at any time during the transport cycle.
SUBSTRATE BINDING AND DYNAMICS
Below, we first discuss sugar binding in the LacY binding cavity; subsequently, dynamics of the sugar molecule and its hydration are addressed.
Sugar binding
Lactose exhibits different binding modes in intermediates d and e (Fig. 1) ; not only do different side chains interact with lactose in the two intermediates, but the strength of the interactions is also significantly different in the two simulations. In Table 2 we summarize all residues that interact with the sugar at any time during the simulations along with their average interaction energy with the sugar (sum of electrostatic and van der Waals (vdW) energies). Any residue coming closer than 3 Å of the sugar was selected for this analysis. Based on the strength of their interaction with the sugar and their role in the proposed transport cycle (22), we have selected seven residues from Table 2 and presented the time evolution of their interaction with lactose in Fig. 2 . To present a more detailed picture, these energies will also be discussed in terms of interactions of individual glucose (GLC) and galactose (GAL) rings of the lactose with the protein.
In both intermediates d and e, the strongest interaction between sugar and the binding site stems from hydrogen bonds between protein and GAL ring. In intermediate e, the largest affinity arises from the electrostatic attraction of Glu 126 in the N-domain, and deprotonated Glu 269 in the C-domain, which is expected due to direct hydrogen bonds between the sugar and these (negatively charged) residues. The carboxylate groups of Glu 126 and Glu 269 form two bifurcated hydrogen bonds with four hydroxyl groups of the GAL ring (Fig. 2 a) , keeping this ring very strongly bound. As shown in Fig. 2 c, (21, 22, 47) . This apparent contradiction can be explained through an indirect interaction of Arg 144 with the sugar that was observed in the simulations. In LacY(269 ÿ / 325 H ), Arg 144 directly, and strongly, interacts with both Glu 126 and Glu 269 , acting as a bridge between the two negative residues. This bridging interaction not only coordinates the positions of these two glutamates for an optimal interaction with the sugar, it also plays an important role in ''handing'' the sugar from one glutamate to the other during the transport cycle. It is important to note that, due to the charged states of these two glutamates in LacY(269 ÿ /325 H ), they would repel each other and adopt very different conformations in the absence of Arg 144 , possibly affecting the binding affinity of lactose.
The interactions of the protein and the GLC ring are weaker than those with the GAL ring, probably due to a relatively higher mobility of GAL, as will be discussed later. In LacY(269 ÿ /325 H ) the charge pair of Lys 319 and Asp 240 , which is located closer to the periplasmic half-channel than Glu 126 and Glu 269 , interact with the GLC ring at the beginning of the simulation. This interaction weakens toward the end of the simulation (Fig. 2, a and c) (Fig. 2, b and d) . Asp 240 forms a bifurcated hydrogen bond with both GAL and GLC rings, while Lys 319 forms a hydrogen bond with the GAL ring. These interactions force the sugar to move to the periplasmic half-channel, resulting in loss of interaction between Glu 126 and the sugar as stated above. In both intermediates, the aromatic rings of Trp 151 (helix V) and Phe 27 (helix I) in the N-domain help orient the sugar rings through hydrophobic interactions, although the interaction energies are rather small (Fig. 2, c and d) .
It is known that alkylation of Cys 148 inactivates LacY by blocking sugar binding, and that substrate binding in turn protects this residue from the alkylating agent (18 and Glu 269 , which was found to play an important role in the binding of substrates.
Similarly, alkylation of the Ala 122 /Cys mutant or its replacement by phenylalanine or tyrosine abolishes binding and transport (48) , suggesting that this position is in the vicinity of the substrate binding site (38) . Our simulations support the suggested mechanism, since the sugar in intermediate e is constantly in close proximity of Ala 122 . It is noteworthy that after the protonation of Glu 269 in intermediate d, the sugar exhibits a large translocation in the binding pocket resulting in a substantial increase of the distance between Ala 122 and the sugar.
Sugar dynamics and hydration
For both intermediates d and e, the GAL ring is more strongly bound to the binding cavity than the GLC ring. This can give rise to different dynamics of the two sugar rings. To compare the dynamics of the two rings, an overlay of several simulation snapshots of intermediate e is shown in Fig. 6 a, and the RMSD values for the GLC and GAL rings are presented in Fig. 6 b. As seen in both intermediates d and e, GLC exhibits a significantly larger RMSD than does GAL. Fig. 4 , c and e. Differences in confinement also relate to the significantly higher hydration of lactose in the binding cavity of intermediate e than intermediate d (Fig. 6 c) . We determined sugar hydration numbers as the number of water molecules within 3 Å of any sugar's hydroxyl group. From Fig. 6 c we find average (2-10 ns) hydration numbers of 15 6 3 and 10 6 2 for intermediates e and c, respectively. This is in line with a larger water content of the central binding cavity in intermediate e than in intermediate d (Fig. 5 c) .
Interestingly, differences in the affinity of LacY for the two sugar rings is most prominent in intermediate e. This is quantified in Fig. 6, d and e. The average (2-10 ns) LacY-GAL electrostatic interaction (E el ) energy is E el ¼ ÿ45.5 6 16.1 kcal/mol (Fig. 6 e) . The corresponding LacY-GLC electrostatic interaction is ;10 kcal/mol weaker; E el ¼ ÿ36.1 6 9.2 kcal/mol. In contrast, average vdW interaction energies (E vdW ) between the two sugar rings and LacY are nearly identical, namely, ÿ5 6 3.2 kcal/mol (LacY-GAL) and ÿ7 6 2.9 kcal/mol (LacY-GLC). For intermediate d, the average LacY-GAL interaction energies are E el ¼ ÿ29.7 6 6.9 kcal/mol and E vdW ¼ ÿ10.7 6 2.5 kcal/mol, respectively. The corresponding energies for interactions with the GLC ring are E el ¼ ÿ27.0 6 6.4 kcal/mol and E vdW ¼ ÿ9.4 6 2 kcal/mol, respectively. Overall this reiterates that lactose is more weakly bound in intermediate e than in intermediate e, suggesting that sugar translocation in and out of the binding cavity is closely coupled to changes in protonation states of key binding residues such as Glu 126 , Glu 269 , and Glu
325
. Furthermore, the higher mobility of the GLC ring and its weaker interaction with the protein (when compared with GAL) suggest a mechanism of permeation.
CONCLUSIONS
Several intermediates of the transport cycle in lactose permease (LacY) have been simulated in this study. Starting from the crystal structure, transitions between the intermediates were induced either by removing the substrate, lactose, from the binding pocket, or through changing the protonation states of key residues. Conformational analysis of the simulated systems indicates that the N-domain exhibits a larger mobility than does the C-domain, suggesting that the N-domain is more actively engaged in the transport cycle. Despite the limited timescale, the simulations were able to capture a significant closure of the cytoplasmic half-channel in response to the induced proton transfer event. The partial closure of the cytoplasmic half-channel is triggered by the loss of a salt bridge between Arg 144 and Glu 269 , after protonation of the latter. The observed closure is facilitated by migration of water molecules from the domain interfacial region, allowing the hydrophobic surfaces of the two domains to fuse. The sequence of proton transfer events, stepwise substrate translocation events, and the intervening protein conformational changes involved in the function of LacY is almost completely unknown. Unraveling the detailed mechanism of proton/lactose symport in LacY presents a challenge to both experimental and theoretical investigations. The results of the present study are based on a small number of simulations, and need to be statistically improved by further calculations. However, they provide a dynamic picture for a number of proposed intermediates and plausible mechanisms for transitions between them. A more extensive description of the transport cycle will require a larger set of calculations in which sugar permeation through the channel will be investigated by nonequilibrium calculations. Combining the methodology with variations in protonation states of key residues, similar to that presented in this study, will enable us to shed light onto mechanistic details and structural elements that directly contribute to the function of LacY, and improve the current transport cycle model of this prototype membrane transporter.
SUPPLEMENTARY MATERIAL
An online supplement to this article can be found by visiting BJ Online at http://www.biophysj.org.
